Photothermal spectroscopy is a powerful tool to investigate the optical absorption and thermal characteristics of a sample. The photo-thermal effect, that is the basis for photothermal spectroscopy, is the conversion of optical energy into heat. Photothermal spectroscopy is implemented in a variety of methods. Biomedical imaging applications commonly implement the Photo-Thermo-Acoustic (PTA) method, that is based on measuring the acoustic pressure wave that propagates due to the photothermal effect, caused by absorption of energy from a heating laser.
INTRODUCTION
Biomedical imaging techniques are evaluated by their ability to deliver real time, non-invasive, high resolution images of a tissue, with high contrast and physiologically relevant parameters. The research in this field is driven by the need for imaging techniques that can penetrate deeper into the tissue while providing high speed, high quality and high resolution images.
Several methods are currently used: Confocal Microscopy, Ultrasonography (commonly called Ultrasound), Optical Coherence Tomography (OCT) and Photo-Thermo-Acoustic (PTA) are all used for tissue imaging. Each technique has it advantages and drawbacks. Ultrasonography, while able to penetrate deep into the body (tens of centimeters) suffers from low resolution (800μm-80μm) and lack of contrast in soft tissue. On the other hand OCT offers excellent resolution (<15μm) and image contrast, but has small depth of penetration (1mm-2mm). Between these two techniques PTA offers penetration of up to 10mm with resolution as high as 80μm. Confocal microscopy is a powerful imaging method in terms of resolution, but suffers from high scattering in turbid samples such as tissue. Although it can image deeper then standard bright field microscopy its depth of penetration is only on the order of a few tenths of a millimeter. Figure 1 describes some of the imaging techniques mentioned above in terms of their penetration and resolution abilities. In this work a novel technique is introduced utilizing coherent confocal microscopy to measure the thermoelastic displacement in order to determine the absorption coefficient, the same property that is detected in PTA by monitoring the acoustic pressure waves. The purpose of the research is to demonstrate the potential of this method to deliver penetration that is similar to that of OCT, with the resolution capabilities that approach confocal microscopy, as shown in dotted line in 
SIMULATION
A computational model is used in this research to compare qualitatively and quantitatively the experiment results against theoretical approximated results. The model is based on an analytical solution for the heat diffusion equation [1] 
is the temperature, Q is the energy deposited per unit time (heat source). Dt is the thermal diffusivity:
is the specific heat, and k [W·m -1 ·°K -1 ] is the thermal conductivity. In this work Polyvinyl Chloride Plastisol (PVCP) is used as the phantom incorporating low scattering coefficient [2] .
The model described here assumes a homogeneous infinite medium, having no boundaries with other materials, for simplicity. The samples that are investigated in this research have low absorption coefficients, described in Table 1 . The thicknesses of the samples are small compared to the inverse of the absorption coefficient, indicating low loss due to absorption as the beam focuses in the phantom. The laser beam irradiance decays due to absorption in the sample according to: 
The beam area is large at the surface of the phantom and is getting smaller as it approaches the focal spot. Using a high NA combined with a thin, low absorption coefficient sample allows to neglect absorption of the light before it reaches the focal spot. Equation 2.4 can then be written to describe the power absorbed:
5) The optical zone [3] , do, for the samples can be found using Equation:
Where ω 0 is half the beam waist [4] . Since the beam of the Nd:Yag (1064nm wavelength) laser source is focused in the sample, the beam diameter, 2ω, will be the diffraction limited spot in the focal point. Since the beam diameter 2ω is smaller then 1/µa, a narrow beam is assumed [3] , and the optical zone, given by Equation 2.6, is determined to be in the focal spot of the laser beam. Using a high NA objective will result in a strongly converging cone of light that will allow to assume that most of the power that is absorbed in the medium is confined, approximately, within a small region that is the diffracted limit spot of the Nd:Yag laser with diameter given by [5] :
For simplicity this region is considered to be a sphere. 
Since the Nd:Yag laser that is used in this research has a pulse length of τ =250µs, the experiment is neither in the stress confinement, nor thermal confinement zones, allowing the use of the diffusion equation in this model. Using the expression for the laser beam irradiance [6] :
where I0 is the irradiance on the surface, f(t) is the temporal profile of the pulse, and H(x,y) is the lateral power distribution of the beam, which for lasers has a Gaussian profile. Assuming that the power of the beam is uniformly distributed over time, f(t)=constant, neglecting absorption of the laser beam before the focal spot, and writing the equation in terms of energy instead of irradiance, we get the energy delivered to the optical zone (focal spot) per unit time per unit volume [1] : , is given by [1] :
is the optical wavelength and z is the axial distance. The simulation was made as described and developed in [1] [7] , using the 3D Green's Function for an isotropic, homogeneous, infinite medium. Integrating the heat equation will result in a solution using the Error Function [1] [7] . A 3D Gaussian distribution of energy is assumed within the spherical source. The temperature is calculated in the simulation for positions along a radius from the center of the source, and a spherical symmetry is assumed . This process is repeated for every time step, resulting with a temperature vs. position from the center of the source over time. The simulation begins when the laser pulse turns on causing heating and expansion in the optical zone, and then when the laser is turned off the medium cools and the medium contracts to its original volume. The displacement is calculated using the linear expansion coefficient α , and integrating the positions from the center for each and every point along the radius. Simulations where made for the absorption coefficients and energy levels that were used in the experiment. The simulation results are presented in Figure 9 in dashed lines, and compared to the experimental results [7] .
EXPERIMENT

Quadrature Coherent Confocal Microscope
The coherent confocal microscope used in this experiment is based on a modified Michelson Interferometer incorporating quadrature detection [8] , as described in Figure 2 . A vertically, linearly polarized, He-Ne (632.8nm wavelength) with TEM00 mode, continuous wave, laser beam is expanded and then collimated using a lens. Equation 3.1 describes the time harmonic electrical field of an electromagnetic wave that propagates on the positive z direction and has x and y fields component [9] . 
The beam is passed through an iris to block the high transverse spatial modes of the beam and allow only the center of the beam to propagate, providing more uniform illumination. The beam is then split to a Local Oscillator (LO) beam and a signal beam using a non-polarizing 50%-reflecting beam splitter (BS). The LO beam is passed through a polarizer at 45º to the vertical, and reflected back to the non-polarizing BS from a mirror. The signal beam is focused using a microscope objective on the sample. The scattered light from the sample propagates back through the objective and into the same beam splitter where it is mixed with the LO beam. The two beams are then passed through a QWP at 45° to the vertical (the same as the polarizer in the reference beam path), that changes the polarization of the signal beam to circular polarization. After the two signals are mixed, a polarized beam splitter (PBS) is used to separate the vertical (xaxis) and horizontal (y-axis) components of the fields. The energy associated with these fields is then measured by amplified PIN Diodes. The data from the amplified PIN diodes is stored in a computer as files for further processing using computer software. The x component will be denoted I (In-Phase) and the y component will be denoted Q (Quadrature). Using Jones Calculus will result in the following Jone's Vectors for the various components of the field in the detectors [7] : Combining the I terms and the Q terms, using Equation 3.2, and taking out
one can obtain:
and  is the the phase difference between the LO and signal beam when recombined. Since the detectors output signal is proportional to the power of the received signal:
The asterisks in Equation 3.5 denote complex conjugate, and E0LO, E0sig are the magnitudes of the LO and signal beams respectively. Ignoring for now the squared power parts of the signals, the conjugate terms are:
The locus in the complex plane for this expression will be a closed curve as shown in figure 3 . The DC component, that defines the center of the circular curve, arise from the combined powers of the interferometer signal and reference arms.
The tail of the vector that describes the interference signal starts at this point, and its magnitude is related to the powers of the reference and signal beams as described in Equation 3.6. The relative displacement is found by determining half the maximum phase change divided by 2π, multiplied by the laser wavelength [8] :
provided that the phase is first wrapped if it exceeds 2π. The factor of 2 arises from the doubling of the Doppler shift by reflection from the moving target. 
Coaxial Opto-Photo-Thermo-Elastic Microscope
The laser that was used in this research to initiate the photothermal effect is a pulsed, Nd:YAG 1064nm wavelength, with maximum output power of 10W, and random polarization. The integration of the heating laser into the microscope is made using a glass plate that is tilted at 45°, as a combining optical element for the heating laser and interferometer beams, as described in Figure 4 . The pinhole is placed to allow for uniform illumination, and is blocking part of the power of the powerful laser. The alignment mirrors allow alignment of the heating laser beam with the interferometer signal beam. The total power that is reflected from the glass plate that is tilted at 45° and enter the objective, is approximately 5% of the power of the incident beam [7] . Fig. 4 . Photo-Thermo-Elastic displacement detection microscope
Phantom Samples
In this research a Polyvinyl-Chloride Plastisol (PVCP) [2] samples are used to study the photo-thermo elastic expansion. These samples present optical properties that resemble those of tissue. Also PVCP is based on oil and therefore has a longer life time, when stored properly.
The use of PVCP sample with Black Plastic Color (BPC) allows good control of the sample absorption coefficient µa. In this research only BPC was added to the samples to control the absorption coefficient. Titanium Dioxide (TiO2) can be added to the samples as well, to introduce scattering [2] . In this work scattering was not implemented and its effects on the photo-thermo elastic expansion were not tested. The phantoms that are study in this research are similar to transparent tissues, such as the cornea. The absorption coefficient depends on the concentration of the BPC in the PVCP according to [2] :
In Equation 3.8 ABPC is the percentage of BPC concentration in the PVCP.
Four phantoms are tested in this work. A list of the phantoms used and their properties is detailed in Table 1 . The nomenclature used for the sample ID is as follows:
1. The first three digits describe the amount of PVCP in [ml] , that was used to prepare the sample A picture that presents the PVCP samples that are used in this study is shown in Figure 5 . The mechanical structure of every sample is described in Figure 6 . A thin film of ~0.2mm is placed on top of an aluminum foil, on a microscope slide. A cover slip is then placed on top of the phantom, and pressed using a small 50g weight. Two drops of glue are placed on the side of the cover glass, to hold the structure, and are not in contact with either the sample, nor the the aluminum foil. The samples can be seen in Figure  5 at the middle of the different kind of molds for each sample, on a microscope slide. Each sample is measured using a confocal microscope to determine the exact thickness of the phantom (See Table 1 ). The measurements are courtesy of the the W.M. Keck 3D Fusion Microscope, at Northeastern University, Boston MA. 
RESULTS
The four samples are tested using four different Nd:Yag laser pulse energy levels, with 5Hz repetition rate, to allow several expansions and contractions for every sample, the average displacement is calculated. The simulations were made using absorption coefficients and heating laser energy levels that are similar to those that were used in the experiment. The experimental results are compared qualitatively and quantitatively with the simulated data. Figure 7 shows simulation results for sample with absorption coefficient that match that of sample ID: 050-025-000 (0.6409cm -1 ) and the laser power used in the simulation is similar to applying 650V in 5Hz repetition rate (328mW). , laser power 0.328W Figure 7 shows the displacement vs. time. During the first 250µs the heating laser is on and the sample heats and expands. At time 250us the laser is turned off and the sample cools and contracts to its original size. Figure 8 shows experimental results for sample 050-025-000 with 650V charging voltage and 5Hz repetition rate of the Nd:Yag laser (328mW). The upper left plot in Figure 8 shows the quadrature signal that was measured during repetitive heating, the dark line in the foreground. The light line in the background describes the reference quadrature signal, this signal was recorded while causing vibration to the optical table, with no heating laser power, before taking the measurement. This is done to determine the center of the quadrature signal, to allow easy angle unwrapping. The upper right plot shows the unwrapped angle of the quadrature signal. Five pulses are seen in this one second frame as expected from the 5Hz repetition rate. The lower left plot is the power density spectrum of the displacement, obtained by implementing a Fast Fourier Transform (FFT) on the unwrapped angle information. The 5Hz repetition rate is seen clearly along with some higher harmonics of it at 10Hz and higher. The lower right plot describes the displacement measured. This is a zoom of the displacement plot on one of the pulses transition. The displacement plot in Figure 8 exhibit similar behavior as the simulated displacement results, seen in Figure 7 . The expanding behavior of the plot is not clear at the heating process due to detectors saturation. During the cool down and relaxation period of the heating process both plots exhibit an exponential contractions, suggesting good agreement of the experiment with the approximated theoretical model, but the simulation plot shows larger displacement and shorter relaxation time. The detectors in the experiment results recover from saturation 600µs after the laser pulse begins. Comparing the displacement from the simulation results with this of the experiment, shows that the simulation results indicates a displacement of approximately 0.37µm (at the 600µs) while during the experiment the sample exhibit approximately 0.26µm displacement, about 30% difference.
Qualitative Results
Quantitative Results
The comparison of the simulation results vs. the experiment results are shown in Figure 9 , for 5Hz Nd:Yag laser repetition rate [7] . The top plot in Figure 9 
DISCUSSION
The image obtained by photothermal spectroscopy imaging techniques, is related to the power of the light that is absorbed in the sample, while the scattered light does not contribute to the image and is basically lost. In confocal microscopy the scattered (or transmitted) light is the light that contribute to the image formation, while the absorbed light is lost. Imaging of highly scattering turbid opaque samples with a confocal microscope impose a problem on the depth of which the microscope can penetrate. This is caused mainly because light that is scattered from locations in front of the focal spot in the sample will cause power lose, and will clutter the signal. Imaging transparent types of tissue will impose problems on the confocal microscope, since a small amount of signal is scattered back to the detectors, the sample will show little details unless the image formation decodes phase information detection. The suggested technique in this work combines an interferometer signal beam, with a heating laser beam coaxially, to heat the volume at the diffraction limited spot in which the interferometer measures displacement. Expansion of this volume due to the photothermal process will cause small scatterers within this small volume to change their location, this small displacement will then be detected by the interferometer. Since the displacement is related to the power of the laser and the absorption coefficient, as well as to properties of the sample, then assuming constant power in the laser output will produce mapping of the absorption coefficients in the sample. In future work several issues should be confronted in order to enhance the apparatus capabilities farther more.
Scanning
In this research a basic setup was demonstrated, no scanning was made of the sample not in the x, y plane nor in the z axis. In further studies this apparatus needs to be improved to implement features that will allow it to scan in 2D in the x, y axis and to section the sample in the z-axis. To implement x, y scanning either a standard two-mirror scanner or a dual wedge technique [10] , can be implemented . The z-axis sectioning can be made either by moving the stage along the zaxis or by moving the objective. Since the two laser beam enter the objective collimated in this design, then the objective can be moved, and the focal point of the two beams will be aligned as long as a good quality apochromatic objective will be used that is corrected for both, the heating laser and interferometer laser, wavelengths.
Heating Laser
Using a diode laser, and replacing the plate glass that reflects 5% of the power of the Nd:Yag laser with a suitable dichoric, that will reflect the IR and will transmit visible light, will allow the same powers to be achieved, and will increase the control over the heating laser pulse, both in terms of the temporal shape and the power of the pulse.
Computational Model
The computational model that was used in this work is very basic. Ignoring boundaries and different types of materials, as well as sample thickness, results in differences from the case that is study in this work. The approach that is taken in this work is to find an analytical solution using Green's function and integration, forcing infinite, homogeneous medium assumptions. In the model a 1D displacement and stress were simulated, assuming spherical symmetry. This assumptions are a first order approximations and in order to achieve better simulated results, in future works, will have to be abandon. Other methods for simulation such as Finite Difference Time Domain (FDTD), or Finite Elements Method (FEM), will do better for inhomogeneous and finite samples, and will allow to define the source with greater accuracy. But this models will have other restrictions regarding solution stability.
Samples
The samples used in this work were simple uniform PVCP samples that incorporated only absorption, while the scattering coefficient was not controlled. In further work the samples need to include scattering by adding TiO2 to the solution of the sample during preparation. Small structures can be constructed to mimic features in the tissue such as blood vessels [11] . In the samples used in this research an aluminum foil was placed at the bottom of the sample to reflect the interferometer beam and to avoid signal to noise (SNR) issues. The inherent properties of the Coherent Confocal Microscope, combined with the coherent detection property of the interferometer, will allow to detect the signal that is scattered from the sample. Removing the aluminum foil in the sample, as well as the absence of it in tissue samples, will be treated in future works.
CONCLUSIONS
In biomedical imaging it is important to achieve a good, non invasive image, with suitable depth of penetration, while maintaining good resolution and contrast of the image. This research suggests an imaging method that combines coherent confocal microscopy with photothermoelastic displacement detection. The objective is to enhance the coherent confocal microscope capabilities to image deeper then a standard confocal microscope, while preserving the resolution of the confocal microscope, and applying a new mode of contrast that is phase related. In this research the potential of the optophotothermoelastic displacement detection using a coherent confocal microscope, is demonstrated for the first time. Further work needs to be made to improve the apparatus as well as the computational model that is used to simulate the process. The goal is to produce in-vitro and eventually, in-vivo imaging of tissues, using this technique.
